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SUMMARY

An andflicd evaluationof the theore-tiedramjetperformunze
of magnmium, magn.esiurn+ctene-l 81un-ie8, aluminum,
aluminu?n-octene-l durria, boron, boron-och.e-l 81urri.w,
carbon, hydrogen, a-methylnapWew, diboran+ peniaboraw,
and octme-1 is ~e8ented herein. Comktion temperdure, air
speci$c-impuLse, and jhel spetij$c-impu.lse data are preaenko?
for eac]bfuel over a range of equivaknce r&”08 at an ‘inht air
temperature of 66P It and a combu-stionpremure of g atmos-
pltere$.

It was assumedthaic?wmicxdequilibriumwaaatiaineddun”ng
tk combustion bui that the expankon in tlw ezhuwstnozzle oc-
curred wn”thcomposition jized. Thermal and mlm”ty equi-
librium wm a.wumedbetweenga.wxand cbndensedpha.m d all
times.

Magnesium, magne8ium+cten.+1 81wrn&, aluminum,
akminum+ctene-1 81?wrri-c9,boron, boron-oti-l 81?urrk9,
pentaboranz, diboranz, and hydrogen proviak air specijic
impubes m.ceca%ngtho8eof octe.ne-l. At anyjixed air specij’ic
impulse below 161?8econds, the fu.d weighi specijtk impulses of
hydrogen, ditwram, pentuborane, boron, ano? boron-oc$ene-l
8L?u~”&3are 8Up&.Orh octerk?-1. % fU&?00.h67ne8pt?0&k
imputses of boron, aluminum, carbon, boron-octen+l 81urrie8,
ma.gnwium, pem’abonzne, a-methylnaphthalene, and
magne8ium-o&ne-l sluti are 8uperi.orto octene-1.

The effects of inlet air temperatureand combustion preesure
are investigatedfor 8ome of the fw?k. Bemuse of the limited
range of W-et mnditiow considmed, mea~ of @ending tie
data to other inkt conditwTMare prewnted. ~

Determination oj air 8peci&im@-w etincy and com.lnM-
tion ejikiency for tzzpm”nwntal.c&tion lqi tian9 of the
theoreticaldata herein is discussed. The use of the th+mreticul
performancedatain determini~ the rela$ivew of the vah
fuels to an engi% operating a$a~d thrzmtlevelh d~m”bed.

INTRODUCTION

The ever increasing performance required of high+peed
aircraft places new demands upon the propulsion system.
Improved range, thrust, combustion efficiency, and com-
bustion stability characteristic may possibly be obtained by
the use of the special jet-engine fuels. These materials
promise advantages over conventional hydrocarbon fuels
beoause of their higher heating values and because of the
ease and stability of their combustion.

The use of special fiels is warranted for high-speed flight
because the cost of the fuel is often only a small part of the
total cost of aircraft operation. This is particularly true in
the case of nonreturn guided mksilea.

Various fuels of interest for air-breathing engines are cer-
tain light elements such as boron and aluminum, alloys and
hydrides of these elements, and slurries or paintlike suspen-
sions of @e solid materials in a liquid hydrocarbon. The
heating valuea of these substances are higher thau those of
the ordinary jet fuels on either a gravimetic or a volumetric
basis. Hydrocarbons having a high volumetric heating value
have also been of interest. Table I presents the heating
values and certain physical properties for some of the fuels.

Considerable experimental work, summarized in reference
1, has been conducted with certain high-energy fuels to deter-
mine their suitabili@ for selected applications in aircraft.
The NACA Lewis laboratory has determined some of me
physical properties and combustion properties of diborane,
boron, magneaium, and aluminum (refs. 1 to 7). The metals
were burned in the form of powder, wire, and slurries.

The theoretical performance of high-energy ramjet fuels is
of intereat both in evaluat~~ experimental results and in
judging the potentialities of yroposed but untested mderials.
Theoretical comparisons of fuels burned in a great excess of
0001air may be based upon conventional heating values of
the fuel. However, when the temperatures obtained in the
combustion procem exceed about 3500° R, the mean molec-
ular w-eight of gaseous products changes, and considerable
energy is absorbed by dissociation, vaporization, and fusion.
Thus, the theoretical performance of a fuel must be, deter-
mined by an analytical method which can account for as
many thermal effeets as possible.

This report contains the theoretical performance for
several potential ramj et fuels determined by such an analyti-
cal method. The combustion process w= assumed to result
in chemical equilibrium at the combustor outlet or exhaust-
nozzle inlet. However, the composition throughout the ex-
pansion process was assumed to be fixed. It is customary in
computing the theoretical thrust produced by a jet to assume
either that equilibrium composition exists throughout the
exhaust nozzle or that the composition is fixed, In real ex-
pansions, partial recombination of dissociated materials is
obtained, but the reaction rates are insufiioiently known for
inclusion of this effect in theoretical calculations. In this

:SOWW&SNAOARewrch MemorandumsE61012by Ran.wnE. Owunon, 1951;E61CZ3by BensonE. GWIUULW195UE6LD25by BauEonE. Oarrrrmn,19.51;EfdF05by BansonE.
Oomn, 1961;E6’L@3by Roland Breltwkw, fhnfoti Gordon,md Baon E. Gammon,1953and E$W314by kmard K. Tow rmdBensonE. Orunmon,lW.
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TABLE L—HEATING VALUES AND PHYSICAL PROPERTIES OF SOME HIGH-ENERGY FUELS
@xcaptas noted, heats ofmmbnstkmmkdated fromheataofformatfonat W’ O fromref. M melttogand Mffng @nti obt.afrd fmmmL16.]

M&# Bgfl# stOki&c-
FUd

4442

4023 L

Heat ofcombnstfon
8Pdfia

“F
Oxfd@

“F mm fnm:$
(“) BtnJfb Btu@I ft Btuflb afr

Am~lmo. .--.. --.-- . . . . . . . . . . . . . . . . . . . . . . . . . –UK 2 –Ila 5 a 0756 COY,Hlo 20,734
(mblfws) (-%%)

s0$556 1s55

ti~----------------------------------- 1219.5 2702 o.21m AflOl 13,W9 z2441973 3471

%Uim ----------------------------------- =4 537s LS5 o.Ian mo B, 140 32a&447 m
---------------------------------------- 4172 224 0.1040 BA V&j2S1 ~ 707,0u5 2a55
Cnrbon@pa@) --------------------------- Imxks7 7692 22.s o.w co; 1<w 1,97’$712 1227

(mblfm+

Dime ------------------------------------- –283.9 –134 b .0.4315 0.Oea BOaj HiO b31,&91 SW,‘i&s 2113
(–134.2?F)

Hydrogen ----------------------------------- -4345 --Lao 0.070 0.0%92 H@ 51,571
W@@

‘R&m lW

LiWm.. .-.. -..- . . . ..---- . . . . . . . . . . . . . . . . . . . 367 2437+9 aE34 0.2013 LliO 1%401 615m 3710

Lftbfumh@ride . . . . . . . . . . . . . . . . . . . . . . . . . . . . i2m . . ---------- 0.s2 0.1152 W@,150 m’fo

31~ .. . . . ----------------------------- 121M
(u” 1?)

~l~oo4 3762

oti*L...- .. ..-. .--.. . . . . . .. . . . . . . . . . . . . . . . –1523 2sa3 O.7i6 o.0!37s 8f&e&l 1%9
(sY F)

Pm~e_ . . . . ---------------------------- –5L ‘J .0. 6223
(I33n% H@ ~F)

o.oio3

Smmn--------------------------------------- 25ss 4271 24 0.2035

Stie-_- .. . . . . . . . ..-.. -..----.. -. J---------- –301 –lIYI2 a 11!?4
(–w F)

SI02,Eo 17,100 Zq 4m 1W7

Tltilw ------------------------------------ 3272 %290,062 !4343

m3fetiyhphthW ...-. -.---.. -. —-------- –22 w 471.m L@l

* 001 and Ha gaseousat W m other prwlncfacondensedat 77 F.
b Comput@fromdata fn ref. 17.

report, the assumption of expansion with fixed composition
results in conservatively low air specific impulse.

The theoretical performance for the following potential
ramjet engine fuels is reported herein: octene-1, magnesium,
magne9ium-octene-l slurrie9, ahuninum, ahmlinum—
octene-1 slurries, diborane, pentaborane, boron, boron—
oct ene-1 slurries, hydrogen, a-methylnaphthalene, and mr-
bon. A combustor-inlet air temperature of 560” R and a
pressure of 2 atmospheres were chosen.

An extended range of eombustor-inlet conditions w as
chosen for the performance calculations of some of the fuels
to facilitate the evaluation of experimental. data. Some
examples are given of the manner in which this theoretical
information can be used in the operation of engines and in
the evaluation of experhmmtal data.

SYMBOLS
A area, Sq ft

,0 constant. used in computing
air ratdo of a shmry

F StiWDl thrust,lb

the simichiometric fuel-

(1
H:

M
m
m
n

P
R
r

acceleration due to gravi@, 32.17 ft/sec9
sum of sensible enthalpy and ehemiwd energy at

temperature t and at standard conditions,
koal/mole

Mach number
molecular weight of a constituent
mean molecular weight
number of moles of a constituent
static pressure, lb/sq ft
universal gaa constant, 1545.33 ft-lb/(mole) (“R)
weight fraction of solid fuel in slurry

● Da@ fromW. 1S.
aDatafmm refs.19and 20.

air specific impulse, lb-see/lb air
fuel-volume specfic impulse, lb-sec/cu ft fuel
fuel-weight speoiiic impulse, lb-see/lb fuel
total temperature, “R
static temperature, ‘R
vdocity, f t/see
weight flow-, lb/see
ratio of specific heats
efficiency
air-specific-impulse efficiency
densi@, lb/cu ft
stream thrust emrection factor to M= 1
equivalence ratio, ratio of actual to stoichiometric

fuel-air ratio

Subscripts:
a air
c combustion, combustor outlet
e eslmust-nozzle outlet

‘$ZP experimental

f fuel
9 w“
‘i denotes i* constituent of combustion products
‘in engine inlet
1 liquid
‘n net
8 solid
8t stoichiometric
t theoretical
v volume
w weight
Supel%oript:
* denotes a station having a Mach number of unity
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ANALYTICAL METHOD

Suitable thrust parametem for both theoretical and actual
jet-engine fuel performance have been found to be air specfic
impulm and fuel specific impulse or total stieam momentum
per pound of air and per pound of fuel, respectively. Air
speciilc impulse, deiined for choked flow, is

“’=iiipA+3
where

W=wa+-wf

Fuel-weight specific impulse is defied m

(1)

(2)
w~

nnd fuel-volume specific impulse is deiined as

S1..=ps,, . (3)

The density of slurries for use in equation (3), relating fuel-
vmight and fuel-volume specific impulse, was calculated thus:

1 =Fraction metal +Fraction octene-1
(4)

P amrr7 P mats] P Ootcne-1

.h&nesiurn and aluminum slurries follow this relation up to
about 80 percent metal by weight, and boron follows up to
60 percent metal by weight for metal powders now available.

Air specific impulse can also be expressed as

.a=(l+:)fi7T#m (5)

where T is an effective ratio of spetic heats. The net
internal thrust of an engine am be determined from the
relation

l’.= @(.J16)WJ3=
-(P’+%,.

(6)

where *(&l_) is a function relating stream thrust at any station
to stream thrust at a station having a Mach number of
unity (see eqs. (A2) and (A3)). The significance and the
utility of these concepts are discussed in more detail in
reference 8.

The theoretical determination of air speciiic impulse and
fuel specitic impulse for the fuels considered herein involved
two principal steps: (1) the combustion temperature and
burned-product composition were determined at the assigned
combustion pressure, and (2) an isentropic expansion in the
exhaust nozzle to a throat Mach number of unity determined
the e.xhaustinozzle-outlet static temperature and veloci@.
The results of step (2) were used to compu@ air and fuel
specitlc impuls-.

The method of computing combustion temperate and
composition was that of reference 9. A set of simultaneous
equations was solved which involved mass balance, heat
balance, pressure, phase changes, and dissociation of solid,
liquid, and gaseous molecules. The necwsary thermody-
namic properties of almost all the dissociated and undissoci-
ated combustion products were taken hm tables included

in reference 9. An empirical equation given in reference 10
for the specific heat of magnesium oxide was used to obtain
values of specific heat, enthalpy, and entropy for magnesium
oxide; the standard-state entropy of magnesium o.side was
taken born reference 11. The thermal properti~ for boric
oxide @a09) were obtained from reference 12.

The following assumptions ware made concerning the
combustion process in order to simplify the anal@s: (1) all
fuels were pure; (2) the air was composed of 3.78 moles of
nitrogen to evmy mole of oxygen; (3) combustor-inlet air
velocity was negligible so that the combustion static and
total temperatures were equal; (4) all gases were ideal; (5)
combustion was adiabatic and complete, that is, chemical
equilibrium was assumed; (6) when solids or liquids were
present in the combustion products, the volume occupied by
the condensed material was negligible; and (7) thermal and
velocity equilibrium existed between the different phases.

The products of adiabatic combustion of each fuel which
were considered possible in the computations of composition
are listed in table II. They were gaseous except as noted.
The nitrides of boron, magnesium, and aluminum were
neglected because of inadequate thermod~amic data. For
the same reason, dissociation, fusion, and vaporization of
magnesium oxide were neglected.

The exhaust-nozzle-outlet temperature was determined by
computing an isentropic expansion from the combustion
temperature and pressure to a pressure giving a hlach num-
ber of unity. It was as-mined that in the nozzle (1) compo-
sition was fixed during the expansion process, (2) the volume
occupied by condensed materials was negligible, and (3) con-
densed materials were in thermal and velocity equilibrium
with the gas phase. The jet veloci~ was then calculated
by using the following equation (ref. 13):

~=294.98 IR$J’!’l.-r%%
The air specific impulse was then

‘.=(1+2)(:+%)”

(7)

(8)

RESULTS AND DISCUSSION

The combustion @rformawe of several high-energy fuels
is presented in figures 1 to 6 for a combustor-irdet air tem-
perature of 560° R and a pressure of 2 atmospheres.

MAG~lUM, MAQNBSIUM-OCTENE-ISLURIUE%ANDOCIXNE-1

The combustion temperatures for magnesium, mag-
nesium-octene-l slurries, and octene-1 are shown in figure
l(a). The data are limited to a maximum combustion temper-
ature of about 5500° R because of the lack of thermodynamic
data as previously discussed.

Increasing the magneaium concentration in a magnesinm—
octene-1 slurry incr~ed the combustion temperature at all
equivalence ratios investigated. It is signitknt that the
maximum combustion temperature for the magnesium slur-
ries occurs at progressively higher equivalence ratios as the
magnesium concentration is increased. In order to show
this effect, the data were calculated at equivalence ratios
mceeding 1.0. This effect is a result of the high heating
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TABLE J1—PRODUOTS CONSIDERED POSSIBLE AS A RESULT OF ADIABATIC COMBUSTION
I 1
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value of magnesium per pound of air since it was assumed
that all magnesium combined with the oxygen present to
form magnesium oxide. The tendency of high-concentration
magnesium slurries to burn at equivrdenee ratios greater
than 1.0 and to exhibit. a higher heat release per pound of
reactants than at an equivalence ratio of 1.0 has been

experimentally established in reference 2. Reference 2
indicates that, for a slurry emsisting of finely powdered

magnesium suspended in a hydrocarbon fuel, magnesium
burned preferentially with the o~gen present an~ hcmco
permitted the high heat release,

Air specific-impulse values for pure magnesium, sevmd
magnesium-octane-l slurries, and octene-1 are presented in
figure 1(b). Higher air speciiic-impulse values can be
aohieved M the peroent magnesium in the slurry is incrmmd,

220 ~ I 1
M3gnesium m octene~ I

percent Iy weight

m I 1 1 1 A I I I
/ Ml I

I I I I ,

.Mqnesimincckn?-t,
percent ty w@ht
, 1 1 1

100

1111141

e I I 1
m

[ I 1 1 I I I 1 I I 1 1 I I 1- J,w–
0 .2 .4 .8 .8 Lo 12 14 16 1 / I 1 I 1 I 1 I 1 I I I I 1

/l
I

l(b)

‘o .2 .4 .6 .8 1.0 1.2 1,4 1.6

Equiw/ence ratio,’~

(a) Variation of combustion temperature with equivalence ratio.
Equivalence rotia, ~

FIGURE l.—TheoEtical combustion performance for magnesi~
m~mium-ockne-l slurriee, and ootene-1. Cmntmator-inlet air
temperature, b60° R; inlet air preaeure, 2 atmospheres.

(b) Variation of air speotio impuke with equivalence ratio.

Fmmm l.—dnoluded.
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(rL) variation of combu~on temperature with equivalence ratio.

(b) Variation of air speofiu impulse with equivalence ratio.

~ICHJEE 2.—Theoretiml combustion performmw for aluminu~
aluminu~okne-1 slurries, and octane-l. Combustor-inlet air
temperature, 560° R; inlet air pressure, 2 atmospheres.

ALUMINIJMAND ALUMINBM-OCIENEI SLURRIES

The combustion temperatures for ahm.inum, ahuninnm—
octene-1 slurries, and octene-1 are shown in figure 2(a).
lhcluded in figure 2(a) are the theoretical combustion tem-
perature for severfd concentrations of metal in ahuninum—
octene-1 slurries at an equivalence ratio of 1.0. The irreg-
ular nature of the temperature ourve for aluminum is due
to a phase transition of ahnninnm oxide A1*OSfrom liquid
to gas.

The variation of air speci6c impulse with equivalence ratio
for aluminum and ootene-1 is presented in figure 2(b). k-
eluded in this @nre are values of air specific impulse for
several aluminum slurries em.lusted at an equivalence ratio
of 1.0. The air specitic impulse increases as the metal con-
centration in the slurry is increased.

BORONANDBORON-OCTENW18LUl?Ml?S

The combustion temperatures for boron and several
boronactene-1 slurries are shown in figure 3(a). The varia-
tion of air speciiic impulse with equivalence ratio for boron,
boron-octene-l slurries, and octene-1 is presented in figure
3(1$. Between about 3500° and 4050° R the slope of the
combustion temperature curve for boron changes rapidly. At
4050° R there is a discontinuity in the slope of the curve.
These effects are caused by the vaporization of boric oxide
which absorbs’ heat. A similar trend is noted in the air
specific-impulse curve for boron-

CARBON,HYDBOQEN,ANDa-?JElWYLNAPHTHALENJ3

The combustion temperatures for carbon, hydrogen,
a-meth ylnaphthalene, and octane-l are shown in figure 4(a).
The variation of air specitic impulse with equivalence ratio
for carbon, hydrogen, a-methylnaphthalene, and octene-1 is
presented in figure 4(b). Since the combustion temperatures
for carbon, a-methylnaphthalene, and octene-1 are suOi-
ciently close together, a single curve has been draw-n for
the data.

DIBORANRANDPENTAROIUNE

The combustion temperatures for diborane and penta-
borane are compared with those of hydrogen and boron in
figure 5(a). The variation of air specific impulse with
equivalence ratio for diborane, pentabo~e, hydrogen, and
boron is presented in figure 5(b). Between about 3500° and
4000° R, the combustion temperature curves for diborane
and pentaborane show a trend caused by the vaporization of
boric oxide, which is similar to that previously noted for .
boron. This trend is also present in the curves of air
specific impulse for diborme and pentaborane.

Boron, pentaborane, diborane, and hydrogen comprise a
sequence in which boron is combined with increasing percenb
ages of hydrogen. In the following table are shown the
mo16 fractions of boron and hydrogen in the fuels and the
approximate heat absorbed by vaporizing the boric oxide
formed from a pound of each fuel. Also shown is the approx-
imate heat absorbed by vaporizing the boric oxide formed
from a pound of stoicbiometric fuel-air mixture. These
heats of vaporization have been evaluated at a temperature
of 3600° R for convenience.
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I I Ato&h~dmbof H-t absorixdby vaPw-
Imtbn ofMria oxide

‘“”Ez ‘w”””!!$!!!4
Boron. . .. . . . . . . . . . LO 0 eMo
Pentaborane ------- . a57 .043 %
DIborane. . . ..-..-. .250 .7m y m
Hydrogen_ . ..-..-. o 1.0) o

, I

& suggested by the table, the irregularities in the cyrves of
figure 5 become less semme as the hydrogen content of the
fuel is raised because of the decreasing amount of heat
absorbed by vaporization of boric oxide.

(a) Variationof combustiontemperati with equivalenceratio.
(b) Variationof air specificimpufsewith equivaknceratio.

FIGURE3.—Theoretical combustionperformancefor boron,boron—
ootene-1slurries,and octene-1. Ckmbuetir-inletair temperature,
S60°R; irdetair p~m, 2 atmosphems.
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(a) Variation of combustion temperature with equivalence ratio.

(b) Variation of air speofic impuks with equivalence ratio.

FIQURE4.—Theoretieal combutilon performance for h@rogen, oarbon,
~methylnaphthalene, and octene-1. C%mbustor-inlet air temper-
ature, 660° R; irdet air premure, 2 atmospheres.

stmmmrw C0WARIf30NS

The adiabatic constant-pressure combustion temperature
and impulse characterietica of magnesium, 50 percent
magneshun-octene-l slurry, aluminum, boron, 60 percent
boronactene-1 slurry, hydrogen, carbon, a-methylnaphtlm-
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(b) Variation of air specific impulse with equivalence ratio.

FIGUBE 5.—Theomtiwl combustion performan~ ‘for boron, pen&
borane, diboraue, and hydrogen. Combustor-inkt air temperature,
E60° R; inlet air pressure, 2 atmosphe~.

lent, diborane, pentrtborane, and octene-1 are compared in
figure 6. In order to reduce the congestion of the figures,
only slurries containing 50 percent metal by weight are

included in the summary comparisons.
The combustion temperatures for the aforementioned fuels

are presented in figure 6(a). The fuels, listed in order of

decreasing combustion temperature at equivalence ratios
below 0.5, are: magnesium, aluminum, boron, pentaborrme,
diborane; 50 percent boron~ctene-1 slurry, 50 percent
magnesium-octene-l slurry, hydrogen, a-methylnaphtha-
lene, octene-1, and carbon.

Equivaleme ratiq p --

(a) Variation of combustion temperature with equivalence ratio.

(b) Variation of fuel-weight specifio impulse with air speoitio impuka.

FIGURE 6.-Summary of oombutilon performamm for representative
high-energy fuek. (hnbustor-inlet air temperature, 560° R; Met
air preame, 2 atmospheres. (Slurry fuels, 50 percent metal by
weight in ootene-1.)
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(o) Variation of fuel-volume specifio impulse with air specific impulse.

FIGURE 6.—Chcluded.

These fuels are compared on the basis of fuel-weight speciiic
impulse, an index of fuel economy, and air specilic impulse, an
index of thrust in figure 6(b). The data in figure 6(b) are pre-
sented because comparison of fuel economy for various fuels
should be made at the same level of air specific impulse.
Also, the relative air speciiic impulse of several fuels at a
tied value of fuel economy or fuel-weight specific impulse
may be of interest. This information and the corresponding
fuel-air ratios may be readily obtained from figure 6(b).

The following fuels, evaluated below an air speci6c-
impulse value of 152 seconds, are listed in order of de-
creasing fuel-weight specfic impulse: hydrogen, diborane,
pentaborane, boron, 50 percent boron-ctene-l slurry,
oct ene-1, a-methyhmphthalene, 50 percent magnesium—
octene-1 slurry, carbon, aluminum, and magnesium. While
this order is retained in general above an air specitic impulse
of 152 seconds, the fuel specific impuke of octene-1 exceeds
that of boron above this air specific impulse because of the
vaporization of boric oxide Ba03.

The. maximum obtainable air specfic impulse, occur-
ring generally at equivalence ratios exceeding 1.0, was
not calculated. However, all fuels except carbon and
a-methylnaphthalene appear to have a maximum air specific
impuLse exceeding that of octene-1, which is 172.8 seconds.

Representative fuels were dso evaluated in terms of fuel-
vohune specific impulse at wrious air specific-impulse values
as shown in figure 6(c). The curves for pure magge9ium,
aluminum, and boron me based upon the solid densities of the
metal. The densities of pentaborane, diborane, and hydro-
gen were those of the liquids at 536.7°, 325.1°, and 36.6° R,
respectively.

The fuels evaluated in order of deweasing fuel-volume
specific impulse (increasing volumetric fuel consumption)
at an air speciik impulse below 152 seconds are as follows:
boron, aluminum, carbon, 50 percent boron-octene-l slurry,
magnesium, pentaborane or a-methylnaphthalene, 50 per-

cent magnesium< ctene-1 slurry, octene-1, cliborane, and
hydrogen.

APPLICATIONS OF DATA

The theoretical perfomnance data of figures 1 to 6 can be
used for the determination of air specific-impulse efficiency
and combustion efficiency. They can also be umcl in estim-
ating the relative amounts of the various fuels required to
maintain a fixed level of thrust in an engine. For these
purposes the single combustm-iiet condition of n tempera-
ture of 560° R and a pressure of 2 atmospheres will oftm bo
too Iimited. Some of the fuek such as diborane seemed, on
the basis of the theoretical performance shown in figures 1 to
6, to be likely candidates for further theoretical and &qmri-
mental investigation. Other fuels such as carbon, hydrogen,
and boron were of interest because they are the elemental
constituents of some of the high-performance fuels.

To facilitate the application of the theoretical performance
data to the evaluation of experimental data it seemed de-
sirable to extend the range of irdet conditions of these fuels:
octene-1, slurry of 50 percent magnesium in oc.teno-1,
caxbon (graphite), boron (crystal), pentnborane (liquid),
diborane (liquid), and hydrogen (liquid). Inlet air tempera-
tures from 560° to 1360° R and combustion pressures from
0.2 to 2 atmospheres were considered. The data are pre-
sented in figures 7 to 13.

Tarts (a) and (b) of figures 7 to 13 present combus-
tion temperature and air specific impulse, respectivcdy,
plotted against equivalence ratio for inlet air tempemtures
of 560°, 960°, and 1360° R at a combustion pressure of
2 atmospheres. Examination of parts (a) and (b) reveals
that a given increase in inlet air temperature results in

-a diminishing gain in combustion temperature and air
specific impulse as equivalence ratio is raised. The higher
combustion temperatures associated with increasing equiva-
lence ratio result in increased specific heat and mom dis-
sociation of the combustion products. Much of the heat
made available by an increase in inlet air temperature is
absorbed without a corresponding gain in combustion tem-
perature or air specific impulse.

~,l?arta (c) and (d) present combustion temperature and
am speciilc impulse, respectively, plotted against combus-
tion pressure for an inlet air temperature of 560° R and
equivalence ratios from 0.7 to 1.0. At the lower equivalence
ratios (below 0.7) the effect of pressure is usually negligible.
An exception to this arises with materiaSs containing boron,
where the vaporization of boric oxide in the vicinity of an
equivalence ratio of 0.4 is pressure dependent, A direct
computation is then necessmy.

Although the data of parts (c) and (d) of figures 7 to 13
were computed at pressures of only 0.2 and 2 atmospheres,
a stmight line of combustion temperature or air spectic
impulse plotted against the logarithm of combustion pres-
sure has been drawn between those pressures for eaoh
equivalence ratio. This convenient procedure has been
verified for several casea. For instance, combustion tem-
perature and air specific impulse at an equivalence mtio of
1.0 were computed for octene-1 at two additional combus-
tion pressures of 0.6 and 10 atmospheres. These data aro
represented in figures 7(c) and (d) by the circled points.
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This semilogarithmic relation between combustion tempera-
ture or air specific impulse and combustion pressure is
expected to be valid for all eight fuels reported herein at
equivalerw ratios from 0.7 to 1.0. l!ktrapolation of the
lines from combustion pressures of 2 k 10 atmospheres is
less satisfactory than interpolation between 0.2 and 2
atmospheres. All lines have therefore been dashed nbove
2 atmospheres. Extrapolation below 0.2 atmosphere may
also be less satisfactory.

In parts (o) and (d) the combustion temperature and air
speciiic impulse at a combustion pressure of 0.2 atmosphere
nro less than those at a combustion pressure of 2 atmos-
pheres within the range of equivalence ratios shown. More-
over, the loss in combustion temperature and air specific
impulse with this decrease in combustion pressure is greatest
at the richer equivalence ratios. These eflects. result from
tho increasing dissociation caused by an increase in tempera-
ture or a decrease in pressure.

DETERMINATIONOF COMBUSTIONTEMPERATUREAND AIR SPECIPIC
IhfPIJU3E AT COMBUSTOR-INLET CONDITIONS OTHRR

THAN THOSE REPOBTED

In many instances it is desired to know the combustion
temperature and air specific impulse at i.ilet conditions
other than those for which the data of figures 1 to 13 were
computed. ‘When the effects of irdet air temperature and
combustion pressure are known for a fuel over a range of
inlet conditions as in f5gures 7 to 13, approximate vahms of
air spec%c impulse at other inlet conditions may be deter-
mined as follows.

At equivalence ratios below 0.7 these data can be read
directly from the curves of part (a) or (b) without consider-
ation of pressure, with the exception of boron-containing
fuels. At equivalence ratios exceeding 0.7 the effect of com-
bustion pressure on combustion temperature and air speci.h
impulse becomes important for all fuels. The effect of com-
bustion pressure on combustion temperature or air specific
impulse in this region can be determined in the following
manner: The combustion pressure or air specific impulse at
the desired inlet air temperature, determined from part (a)
or (b) of figures 7 to 13, is entered in part (c) or (d) at a
pressure of 2 atmospheres. The combustion temperature or
air specific impulse is then corrected to the desired pressure
along fLline of constrbntequivalence ratio. For example, the
air speci.6c impulse of boron at an equkilence ratio of 0.8,
an inlet air temperature of 1260° R, and a combustion pres-
sure of 0,3 atmosphere crm be found as follows: From figure
10(b) the air speciiic impulse is determined as 178.8 seconds
for the conditions stated, but at a combustion pressure of 2
atmospheres. The value obtained is entered in figure 10(d)
at this pressure and air speciiic impulse (point A), and a line
of constant equivalence ratio is followed to a pressure of 0.3
atmosphere. The desired air specific impulse is found to be
174.9 seconds. This is very close to the value of 175.2

seconds determined by direct computation for a pressure of
0,3 atmosphere.

In making a pressure correction, it may be neceswwy oc-
casionally to enter data in a figure such as figure 10(d) at an
air specific impulse or combustion temperature exceeding the
highest line of air specific impulse or combustion temperature
plotted against combustion pressure. For example, figure

10(b) indicates an Dir specilic impulse of 186.6 seconds fcr an
equivalence ratio of 1.0, an idet air temperature of 1360° R,
and a combustion pressure of 2 atmospheres. Point C is
thus located on figure 10(d) which is above the highest line
already present. A correction to a combustion pressure of
0.2 atmosphere, made along n dashed line converging toward
existing lines at the same rate at which they converge toward
each other, locates an air.specilic impulse of 181.2 seconds at
point D. By direct computation, the value sought is 180.9
seconds.

DETERMINATION OF NR SPE4XFIGIMPUE4E Efficiency AND
COMSU~ON EFFICIENCY

Both air spec%c-impulse efficiency and combustion effi-
ciency may be found for experimental data by the use of the
curves presented herein. Air speciiic-impulse efficiency is
defined as the ratio of the experimental air specific impulse to
the theoretical air specific impulse at the same equivalence
ratio:

()s— (q=const.)
‘g”= &; p

(9)

The experimental air specific impulse must be computed from
experimental measurements as discussed in the appendk;
the theoretical air speciiic impulse is read from the curves of
air speci.tic impulse plotted against equivalence ratio for a
pressure of 2 atmospheres at the combustor-iiet tempera-
ture and equivalence ratio applying to the experimental data.
This value may then be corrected to the combustion pressure
used in the actual engine by the method described previously.

A combustion efficiency which is often useful can be
defied as the ratio of the theoretical equivalence ratio to
the experimental equivalence ratio required to produce a
given air specfic impube or combustion temperature:

()Pt70= — (Z’c=const.) (lo)
$%F Te

and

7.=()~ ,@(S==const.) (11)

Fuel-air ratios may replace equivalence ratios. These
definitions are valid only for equivalence ratios of 1.0 or less.
When the experimental data are obtained at pressures other
than 2 atmospheres, a pressure correction may be applied
conveniently to the theoretical equivalence ratio as fo~ows:
The experimental combustion temperature or air specific
impulse, together with the combustion pressure, is entered
on the semilogarithmic graph of theoretical combustion
temperature or air specific impdse plotted against combus-
tion pressure @art (c) or (d) of figs. 7 to 13), and a line of
constant composition is followed to a combustion pressure
of 2 atmosphere. The combustion temperature or air speciiic
impulse, adjusted to the 2-atmosphere standard, and the
experimental inlet air temperature are then used on the
plots of combustion temperature or air spetic impulse
plotted against inlet air temperature and equivalence ratio
to find the theoretical equivalence ratio. For example,
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suppose that boron burned at an inlet air temperature of
960° R, a combustion pressure of 0.2 atmosphere, and an
equkdence ratio of 1.0 producw an experimental air spec%c
impulse of 176 seconds, which locates poinb E on figure
10(d). Following the dashed line of constant composition
to point F determines a pressure-adjusted air specitic impulse
of 180.9 seconds. Locating n point in figure 10(b) at 180.9
seconds and at an inlet air temperature of 960° R detemnines
a theoretical equivalence ratio of 0.89. A combustion
e5ciency of 0.89 is then found by means of equation (11).

In equations (9) and (11), experimental air specific-impulse
data are oompared with theoretical data in which expansion
at fixed composition is aesumed. If the recombination rates
are such that some adjushnent of composition is obtained
in the nozzIe, e5ciencies computed from these equations will
tend to be high when the data of ~es 7 to 13 are used
since these data are for expansion at fixed composition.

DRTERhUNATIONOPRKLATfVRlWEI_-PLOWBEQUfREFIENTSFOIlGfVEN
ENGINE

In instances where several fuels are being considered for
an engine, it may be desired to know the relative amounts
of each fuel required to obtain a iixed thrust level. The
curves of air specific impulse plotted against equivalence
ratio may conveniently be used for determini ng the amounts
of fuel if advantage is taken of the following assumptions:
The combustion efficiency is the same for each fuel, and
momentum and other internal pressure loeses are nearly the
same for each fuel at a given thrust level.

For example, a ramjet engine is operated with octene-1 or
any other reasonably similar hydrm!arbon at an equivalence
ratio of 0.737, an inlet air temperature of 560° R, and a com-
bustion pressure of 2 atmospheres. From figure 7(b), the
air specitic impulse for octene-1 at this equivalence ratio and
inlet air temperature is 153.4 seconds. By the use of figures
S(b), 10(b), n(b), and (12b) for 50 percent magnesium
slurry, boron, pentaborane, and diborane, the equivalence
ratios required to produce an air specific impulse of 1s3.4
seconds are determined. These are converted to fud-air
ratios by the formula

Wf

0

Wf—.
w= G ~,

The required equivalence ratios and fuel-air ratios are
sented in the following table:

Fuel EqulW#nm Fumuiir
I

Relative
fnelflow

Odmel --------------------------0.737 0. 05m LfC
alPero?ntmQmf’ElumShTy..-.-. .57 .Cw3 LSI
B--. --.......-....-.----------- .49 .a513 1.03
Pmtibmo -------------------- .516 .am .79
Dim-------------------------- .323 .ml .n

(12)

pre-

The relative fuel flow is defined in this case as the ratio of
the fuel-air ratio of the substitute fuel to that of octen~l.

The stoichiometric fuel-air ratio of slurry is cdculatcd from
the expression

()

Wf 0.06781
G ,~‘m

(13)

where C is 0.8078 for magnesium slyrry. The valuo of C
is 0.3519 for boron slurry, 0.7401 for aluminum slurry, rmd
0.11189 for pentaborane blends.

A correction of fuel-air ratios for combustion pressures
other than 2 atmosphere can be made in tho manner pre-
v-iouily described for equivalence ratios used to determine
combustion efficiency.

CONCLUDING REMARKS

An analytied evaluation of the air and fuel specific-impuh%
characteristics of magnesium, magnesium-octonc-l slurries,
aluminum, aluminum-ctene-l slurries, boron, boron—
octene-1 slurries, carbon, hydrogen, a-methylnaphthahmcj
diborane, pentaborane, and octene-1 is presented homin.
While chemical equilibriuni -was assumed in the combustion
process, the expansion was assumed to occur at fixed
composition.

At a fixed air speci.tic impulse below 152 seconds, tho fuel
weight specific impulses of hydrogen, diborane, pentaborrme,
boron, and boronactene-1 slurries were superior to octme-1
for a combustor-irdet air temperature of 560° R and mpres-
sure of 2 atmospheres. At air speciiic-impulm valuoa of
about 152 seconds and higher, the vaporization of boric
oxide BjOs for the fuels containing boron reduced tlm fuel
speciiic impulse relative to octene-1.

The fuel-volume specific impulses of boron, aluminum,
carbon, slurries of 50 percent boron and 50 percent octene-1
by weight, magnesium, pentaborane, a-methylnaphthaleno,
and slurries of 50 percent magnesium and 50 percent octono-1
by weight were superior to octene-1 for an inlet air tempwa-
ture of 560° R and a combustion pressure of 2 atmosplmres.

The effects of inlet air temperature and combustion pres-
sure were investigated for the following fuels: octone-1,
50 percent magnesium slurry, boron, pentaborane, dibomno,
hydrogen, and carbon. Because a limited range of inlet air
temperatures and combustion pressures was considered,
methods of extending the data to other inlet conditions -mm
presented.

Determination of air speoilic-impulse efllciency and com-
bustion effici~ncy for experimental combustion by moans of
the theoretical data herein was considered. The uso of tlm
theoretical performance data in determiningg the rolativo
flows of the various fuels to an engine operating at a fixed
thrust level was discussed.

LEWIS FLIGEC PROPULSION LABORATORY
NTATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

CLEVELAND, OHIO. September 14, 1963



APPENDIX-COMPUTATION OF AIR SPECIFIC IMPULSE FROM EXPERIMENTAL J)ATA

The determination of air speciibimpulse eiikiency requires
that the experimental air specific impulse be computable.
Suitable measurements of pressure, drag, and thrust must be
made on the experimental engine or combustor to permit
computation of the stream thrust at the end of the exhaust
riozzle:

‘.=(’A+?2 (Al)

This equation is then reduced to the stream thrust function
at a condition of sonic flow:

~*=(’A+$)6 ‘e @(MJ (A2)

wb ere

@(M*)=
l+y,ll-j

‘“@@=@ ‘A3)

The mperimentrd air specilic impulse is then

(A4)

The Mach number at the exhaust-nozzle outlet can be
estimated from the equation

rWg,*V*
M*= —

Y*9P8A
(A5)

For convenience, @(M,) may be found from tables 30 to 35
of reference 14 w the term .F/~. The expression @(i14) is
relatively insensitive to y, in the neighborhood of M equal to

1.0, as shown in the following table:

M I F,I-.*(hi-)

F1
7{;

0.7 LOSU9
.8 L 0231

L 0261
i; LW
LI L C041
L2 L 0148
L3 LC@16

I I

Ti;

L 04S1
L 018S
LW04
LIXOI

M%
L 0217

It must be observed that, if M. is determined by equation
(A6), the error in @(kf,), which results from an incorrect
choice of y,, will exceed that shown in the preceding table.
DQta in reference 6 show that a satisfactory value of ye at
high combustion temperatures (or high air specific impulse)
would be 1.2 to 1.3; at low air speciiic impulse or combustion
temperature, values of 1.3 to 1.4 can be employed.

Because equation (A3) is based on the assumption of ex-

1120~07-CO+O

pansion at fixed composition, it cannot be used to correct
experimental data to sonic conditions when there is reason
to believe that appreciable recombination has occurred.
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FIGURE il.—Effect of ramjet eombustor-inlet eonditione on theoretical combustion performance of liquid pentaborane.
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